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Membrane protein biophysicsa b s t r a c t
Deﬁning the span of the transmembrane region, a key requirement to ensure correct folding, stabil-
ity and function of bacterial outer membrane b-barrels, is assisted by the amphipathic property of
tryptophan. We demonstrate the unique and distinctive properties of the interface Trp76 and
Trp140 of outer membrane protein X, and map their positional relevance to the refolding process,
barrel formation and the resulting stability in dodecylphosphocholine micelles. The solvent-
exposed Trp76 displays a rigid interfacial localization, whereas Trp140 is relatively micelle-solvated
and contributes to barrel folding and global OmpX stability. Kinetic contribution to OmpX stability
is inﬂuenced by the two tryptophans. Differential associations of the indoles with the deter-
gent milieu therefore contribute to micelle-assisted b-barrel folding and concomitant OmpX
stability.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Enterobacteria are Gram-negative bacteria that are primarily
residents of the intestine and include pathogenic (Klebsiella, Salmo-
nella, Yersinia) and non-pathogenic facultative anaerobes [1]. The
most common commensal of the human intestinal ﬂora is Esche-
richia coli [2]. This widely prevalent and extensively investigated
laboratory microbe is also an opportunistic pathogen in immune-
compromised hosts, with virulent strains causing gastroenteritis,
haemolytic-uraemic syndrome, other intestinal infections and pos-
sibly death [1,3,4].
Attachment and invasion of the host cell by E. coli and related
pathogens is achieved by the family of outer membrane proteins
(OMPs), which are 8-16-stranded transmembrane b-barrels resid-
ing in the bacterial outer membrane [5]. The E. coli outer mem-
brane protein X (OmpX) is one such structurally well-
characterized b-barrel [6,7], which is thought to promote bacterial
cell internalization and confer resistance to the bactericidal activ-
ity of human serum [7]. Understanding the biochemical character-
istics and stabilizing agents of OmpX structure, as well as factorsdetermining OmpX interaction with its surrounding lipid environ-
ment, is critical to decipher its role in pathogenicity [6].
Governing factors that mediate protein–lipid interactions form
the basis of existence and stability of membrane proteins with
assorted functions. Biological membranes are complex entities
with diverse, dynamic composition and ﬂuidity. The aromatic gir-
dle in membrane proteins, preferentially localized at the mem-
brane interface, is speculated to play an important role in
directing interactions critical for membrane protein folding and
anchoring [8–16]. Particularly, the indole presents unique proper-
ties of possessing the largest non-polar surface area, along with
hydrogen bonding capability [15,17]. High polarizability makes
tryptophan the ideal amphiphilic residue for stabilizing the mem-
brane–protein interface [15].
Tryptophans are biologically expensive amino acids [18], and
their positional relevance to b-barrel stability is worthy of investi-
gation. In this study, we have speciﬁcally addressed the role of the
two indoles of OmpX (Trp76 and Trp140) in the correct folding and
anchoring of OmpX barrel, from both global and local perspectives.
Our ﬂuorescence- and NMR-based thermodynamic experiments
reveal a surprisingly distinct function of the solvent-accessible
(yet rigid) Trp76 and the micelle-solvated (yet labile) Trp140, in
barrel stability. Detergent/lipid solvation and neighboring side
chain interactions may have crucial bearing on the unassisted
barrel folding in vivo.
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2.1. Protein preparation
Generation of OmpX:WT, OmpX:W140 (W76? F) and
OmpX:W76 (W140? F), and protein folding, are detailed in the
supplementary data. All experiments described herein contained
30 lM protein in 50 mM Tris–HCl pH 9.5 and 10 mM, 20 mM or
50 mM DPC (n-dodecylphosphocholine), unless otherwise speci-
ﬁed. These correspond to DPRs (detergent-to-protein ratios) of
325:1, 650:1 and 1650:1, respectively.2.2. Equilibrium unfolding
Unfolding experiments were carried out by chemical denatur-
ation using guanidine hydrochloride (GdnHCl; 0.0–6.3 M) and
progress of the reaction was monitored over 48 h at 25 C using
Trp ﬂuorescence. A kex-max = 295 nm was used and emission scans
were recorded from 320 to 400 nm at 1 nm increments. All data
were blank subtracted and the apparent thermodynamic parame-
ters (unfolding free energy, DG0app; unfolding cooperativity, mapp;
chemical denaturation mid-point Cm) were obtained using ﬁts of
the 24 h data from 2 to 3 independent experiments, to a two-state
linear extrapolation model [19].
2.3. Fluorescence lifetime, quenching and anisotropy
Trp lifetimes were estimated using a kex = 295 nm and kem of
340 nm and 355 nm for folded and unfolded samples, respectively
[20]. Amplitudes (ai) of decay times (si), derived from ﬁts to
three-exponential function, were used to calculate the average life-
time (<s>) [21]. Trp ﬂuorescence quenching using acrylamide or
iodide (0.0–0.5 M quencher, Q) was performed at 25 C using
kex = 295 nm, and emission was acquired between 310 and
400 nm, to derive the Stern–Volmer constant (KSV) [21]. Accessible
fraction (fa) was obtained from a plot of the change in ﬂuorescence
(F0/DF) against 1/[Q] [22,23]. Bimolecular quenching constant was
calculated as kq = KSV/<s>. See supplementary data for details.
Fluorescence anisotropy (r) under isothermal conditions was
recorded at 25 C using kex = 295 nm and kem = 340 nm, as reported
earlier [20,23]. Each data point was obtained from an average of 5
trials, with a maximum 2% target error. The integration time was
set as 5 s and G factor as 1.8.Fig. 1. OmpX possesses two tryptophans located near the membrane–solvent2.4. Thermal denaturation
Refolded OmpX was thermally unfolded from 5? 95 C and
recovered to 5 C at various ramp rates, and the process was mon-
itored using Trp ﬂuorescence and anisotropy. For ﬂuorescence
measurements, a kex-max = 295 nm and kem = 310–400 nm were
used. Data were blank subtracted and corrected for dark counts
[24]. Temperature-dependent anisotropy was measured using
kex = 295 nm and kem = 340 nm. Temperature-corrected anisotropy
(rcorr) was obtained by subtracting the corresponding anisotropy of
the unfolded sample at that temperature. See supplementary data
for details.interface. Ribbon diagram of OmpX (PDB ID: 1QJ8; [7]) marking the locations of the
two Trp residues, Trp76 and Trp140, shown in blue color. While the crystal
structure indicates that Trp76 is solvent exposed and Trp140 is buried, NMR
structural studies in phosphocholine micelles [25,26], simulation studies [27], and
hydrogen/deuterium exchange experiments in different environments and in
micelles or amphipols [28] indicate different degrees of solvent exposure for
Trp76 and Trp140. Indicated here is the predicted transmembrane region, based on
the crystal structure. Also highlighted here is the local environment of Trp140 (top,
left) and Trp76 (bottom, left), with residues in the 4 Å vicinity indicated as sticks,
and annotated.2.5. HSQC measurements
Uniformly-15N labeled proteins were refolded in 100 mM DPC
micelles in 50 mM Tris–HCl pH 9.5. The ﬁnal protein concentration
was 0.2 mM (DPR 500:1). 1H–15N HSQC spectra were acquired at
40 C on a 700 MHz FT-NMR instrument using a cryoprobe. Addi-
tionally, temperature-dependent measurements were carried outfor OmpX:WT at 50 C, 60 C and 70 C under similar conditions.
Data were processed and plotted as reported earlier [20].
3. Results and discussion
3.1. Tryptophan interaction with phosphocholine micelles in the
kinetically stabilized OmpX b-barrel
OmpX has two Trp residues, W76 and W140 (Fig. 1), that are
likely to be located at the solvent–membrane interface [7,25–28].
To delineate the local Trp environments in refolded OmpX and
their contributions to b-barrel stability, we generated two single-
Trp mutants, by a conserved Trp? Phe substitution. Phe was spe-
ciﬁcally selected to minimize the effects of mutating a bulky aryl
group at the interface, on overall barrel stability [12,13].
We carried out unfolding titrations of OmpX, refolded in DPC
micelles (10 mM, 20 mM and 50 mM), using GdnHCl, and moni-
tored the progress of the reaction using Trp ﬂuorescence. Results
of ﬂuorescence intensity (Fig. 2A) and anisotropy (Fig. 2B) mea-
surements demonstrate a clear two-state transition from the
folded to the unfolded state with increasing GdnHCl. Fits to a
two-state linear extrapolation model allowed us to derive the
apparent thermodynamic parameters (Fig. 2C), for the system
tending towards equilibrium (Figs. S1–S3).
Comparison of the values in Fig. 2C reveals that OmpX:W76
shows a higher DG0app value; however, this is contradicted by the
lower Cm. As the system displays hysteresis (Figs. S1–S3),
OmpX:W76 stabilization carries a substantial kinetic contribution,
and the observed high DG0app (and low Cm) indicates a high kinetic
activation energy barrier that the barrel overcomes during unfold-
ing [29,30]. Further, the energy barrier separating the folded and
unfolded states from on-pathway intermediates could vary
between OmpX:WT and the single-Trp mutants, thus accounting
for differences in the calculated apparent thermodynamic parame-
ters [16,31]. While hysteresis could arise from either process [30],
Fig. 2. GdnHCl-induced isothermal chemical unfolding of OmpX. (A) Measurements of Trp ﬂuorescence emission, normalized such that the folded and unfolded proteins
correspond to 0 and 1, respectively, and ﬁt to a two-state model (solid lines). Also see Fig. S3 for isothermal chemical unfolding and refolding data, monitored with time. (B)
Raw anisotropy (r) values recorded at 340 nm, ﬁt to a sigmoidal function (solid lines). In all plots, data for OmpX:WT are shown as red circles ( ), OmpX:W140 as blue
squares ( ) and OmpX:W76 as green triangles ( ). (C) Summarized thermodynamic parameters derived in 10 mM, 20 mM and 50 mMDPC. Cm,r is the chemical denaturation
mid-point derived from anisotropy (r). Similar color schemes as (A) are retained for the three proteins. Error bars in (A), (B) and Cm plots in (C) were generated from 2 to 3
independent experiments; errors for other data in (C) represent the goodness of ﬁt to the mean obtained from 2 to 3 independent datasets. WT = OmpX:WT;
W140 = OmpX:W140; W76 = OmpX:W76.
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ation even in micellar systems (Cm of the unfolding arm is higher
than the refolding curve, with lowered mapp; Fig. S3) not only con-
tribute signiﬁcantly to our observations, but also limit our
conclusions.
We obtain a high mapp in OmpX:W76, which reﬂects a larger
change in accessible surface area (ASA) when OmpX:W76 unfolds.
OmpX:WT and OmpX:W140, however, show lower mapp values,
suggesting that here, unfolding is gradual. Further, when Trp140
is mutated, we observe that OmpX:W76 undergoes solvation by
GdnHCl in lower denaturant concentrations, and complete barrel
unfolding is achieved within a narrow GdnHCl gradient (Fig. 2A).
We infer that Trp140 vicinity possesses greater afﬁnity to DPC,
which lowers the change in ASA and prolongs complete barrel
unfolding over a wider GdnHCl range.
A low Cm is seen for OmpX:W76 (2.75 M in 10 mM DPC),
whereas corresponding values for OmpX:WT and OmpX:W140
are higher. We obtain a similar conclusion when comparing anisot-
ropy Cm values (Cm,r). Anisotropy reﬂects the conformational free-
dom available to the ﬂuorophore, and values are lowered when
rapid conformational averaging occurs as the protein unfolds
(Fig. 2B). In line with the ﬂuorescence-derived Cm, we observe that
anisotropy-derived Cm,r values are also higher for OmpX:WT andOmpX:W140, conﬁrming that when Trp140 is present, unfolding
is gradual.
Our results suggest that the presence of Trp76 (and absence of
Trp140) affects barrel–micelle interactions, giving rise to differ-
ences in the afﬁnity of OmpX:W76 to DPC versus solvation by
GdnHCl; in contrast, Trp140 vicinity resists GdnHCl solvation. Fur-
ther, the high lifetime of Trp140 (4.6 ns; Table 1) indicates that it
is micelle solvated. These data suggest that the Trp140 vicinity
may possess the ability to bind DPC (as against the Trp76 environ-
ment). We see a similar indole behavior for tryptophans of the
structurally similar 8-stranded b-barrel Ail, from Yersinia [31].
As we are monitoring the local Trp environment in the three
proteins, the observed Cm values also provide us with insight on
directionality of the unfolding event. Anisotropy changes occur
ﬁrst in OmpX:W76, with increasing GdnHCl (1.5 M for OmpX:W76
versus 2.7 M for OmpX:WT and OmpX:W140 in 10 mM DPC).
Based on this, we speculate that in response to chemical denatur-
ation, unfolding is be initiated at the base of the barrel (region with
shorter loops).
Our results point to an interface localization for Trp76 and a
comparatively more DPC-buried environment for Trp140. How-
ever, anisotropy of OmpX:W76 is high (indicating Trp76 rigidity),
and the anticipated high m-value for lipid-buried indoles [32], is
Table 1
Summary of observed parameters for OmpX:WT and the Trp mutants in 10 mM DPC.
Protein <s>$ X2 r KSV # fa # kq # KSV § fa §
ns M1 M1 ns1 M1
OmpX:WT 3.50 1.07 0.125 5.19 ± 0.15 0.93 1.48 0.87 ± 0.09 0.74
OmpX:W140 4.60 1.04 0.093 5.81 ± 0.11 0.96 1.26 0.61 ± 0.04 0.64
OmpX:W76 2.50 1.18 0.157 4.51 ± 0.10 0.90 1.80 0.80 ± 0.02 0.84
$ Details are provided in Table S1.
# Data from acrylamide as quencher. KSV  7.1–7.3 M1 in 6 M GdnHCl.
§ Data from iodide as quencher. KSV  1.3–1.5 M1 in 6 M GdnHCl.
D. Chaturvedi, R. Mahalakshmi / FEBS Letters 588 (2014) 4464–4471 4467not seen in OmpX:W140. To address these anomalies, we probed
the local environment of both ﬂuorophores.
3.2. OmpX tryptophans have distinctive local environments with
Trp140 displaying micelle solvation
OmpX:WT has a DPR-independent anisotropy of 0.13, which
is an average of 0.15 for Trp76 (in OmpX:W76) and 0.09 for
Trp140 (Table 1). Despite both indoles presumably residing at
the interface, anisotropy suggests that conformational motion of
Trp76 is restricted and Trp140 is high. Therefore, we calculated
indole accessibility in refolded OmpX using ﬂuorescence quench-
ing by acrylamide, and derived the Stern–Volmer constants (KSV)
(Fig. 3A).
All three OmpX constructs possess partially exposed indoles
(moderate KSV values; Table 1); lipid-buried indoles in similar bar-
rels such as OmpA display KSV values of <2 M1 [33]. Interestingly,
OmpX:W140 displays the highest KSV (closest to the unfoldedFig. 3. Trp ﬂuorescence as a reporter for local barrel–micelle interface environment.
Data from acrylamide (A) and iodide (B) quenching measurements in 10 mMDPC ﬁt
to a linear equation (ﬁts shown as solid lines) to derive KSV (inset). Data for 20 mM
and 50 mM are provided in Fig. S4. (C) y-intercept provides the accessible fraction
(fa) for tryptophans of OmpX and its mutants to acrylamide (inset is for iodide, I) in
10 mM DPC. Saturating concentrations of the quencher were used to calculate fa. F0
is the ﬂuorescence intensity in the absence of quencher; F is the ﬂuorescence
intensity and DF is the change in ﬂuorescence intensity at different quencher
concentrations. (D) Measurement of change in average Trp lifetime (<s>) upon
addition of acrylamide. Fits (solid lines) highlight the trend observed in each
dataset. The color/symbol scheme used in Fig. 2 is retained here. Error bars
were calculated from 3 to 4 independent experiments, whereas the KSV graph
(inset in (A) and (B)) error bars denote goodness of ﬁt to the mean data obtained
from 3 to 4 independent experiments. WT = OmpX:WT; W140 = OmpX:W140;
W76 = OmpX:W76.protein in GdnHCl) signifying that Trp140 is more accessible to
acrylamide than Trp76 (Figs. 3A and S4). While this agrees with
the low anisotropy, the data does not account for the greater
micelle solvation of Trp140. Acrylamide is known to possess both
static and diffusional quenching properties and exhibits varied
lipid or detergent interaction afﬁnity [34,35]. We therefore derived
KSV values using iodide, a solute quencher, which selectively
quenches only surface-accessible tryptophans and is free of
static quenching. The results (Fig. 3B) reveal that Trp140 is
comparatively less exposed than Trp76.
Calculated quencher-accessible fractions (fa) (Fig. 3C and
Table 1) provide us with highest acrylamide accessibility for
OmpX:W140 (0.96) and lowest for OmpX:W76 (0.90); iodide
accessibility is reversed, and follows OmpX:W76 > OmpX:W-
T > OmpX:W140. These results agree with our interpretation of
the corresponding KSV values, and suggest that acrylamide gains
access to Trp140 through micelle penetration. Additionally, a
bimolecular quenching constant (kq) <1.5 for buried tryptophans
[22], is seen in OmpX:W140 (Table 1). A high kq, seen for indoles
accessible to solute quenchers, is exhibited by Trp76. However,
one must exercise caution while interpreting these results, since,
unlike lipid bilayers, micellar systems are highly dynamic, and
our calculated fa values are not incredibly different. These demar-
cations could be more prominent in bilayer systems.
Evidence for micelle solvation of Trp140 is obtained from the
average lifetime (<s>) measurements [36,37], which reveals an
unusually long lifetime of 4.6 ns for OmpX:W140 (Table 1). Sol-
vent-accessible tryptophans undergo non-radiative losses and pos-
sess short lifetimes [22], as seen for Trp76. <s> values conﬁrm that
Trp140 is positioned closer to the apolar micellar core. Further, in
the presence of acrylamide, we see a non-linear dependence of <s>
to [acrylamide] (Fig. 3D), with an 3 ns difference in <s> of
OmpX:W140, which is two-fold greater than the effect seen in
OmpX:W76. Our data suggests that acrylamide displays contact
quenching by discrete interaction with one of the excited state
rotamers of Trp140 (Fig. S5). Such interactions are enhanced in
higher DPRs (Fig. S5).
Put together, our ﬂuorescence measurements suggest that
Trp140 resides in a hydrophobic environment, and is micelle sol-
vated. Trp76, however, is rigid and in a polar, solvent-accessible
environment [37]. Although structurally similar, location in dis-
similar environments affects indole interaction with the surround-
ing micelles, and may confer different functionalities to OmpX
indoles. Protein–detergent arrangements are dynamic heteroge-
neous systems, and thus one can obtain meaningful insight on pro-
tein organization using local non-invasive probes. We therefore
employed tryptophans as probes to understand the process of
OmpX (un)folding in DPC.
3.3. Trp140 contributes to stability of folded OmpX during thermal
denaturation via preferential micelle interactions
Refolding rates monitored for the three proteins in DPC, by
rapid dilution from urea, show no substantial differences in barrel
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vary in the rate at which the local Trp environments achieve the
native state (Fig. S6). Furthermore, due to the high stability of
refolded OmpX, deducing the (un)folding pathway(s) of similar
b-barrels using equilibrium chemical denaturation have been lim-
ited (examples: [16,30,32,38–41]). We have previously demon-
strated that OmpX shows reversibility to thermal denaturation
[20,24]. We therefore examined the contribution of tryptophans
to the heat-driven unfolding and refolding processes of OmpX.
With increase in temperature, we observe surprisingly a dra-
matic increase in the net Trp ﬂuorescence of OmpX:WT and
OmpX:W140 till 80 C (Figs. 4A and S7–S9), unlike the antici-
pated decrease in ﬂuorescence from non-radiative losses at high
temperatures. Under identical experimental conditions, anisot-
ropy, on the other hand, shows the predicted decrease (Fig. 4B).
Our data indicates that while heat increases the conformational
motion of Trp140, it concomitantly occludes this indole from polarFig. 4. Monitoring the unfolding/refolding response of OmpX to heat. (A) Change in tryp
sample data. (B) Temperature- and blank-corrected anisotropy (rcorr) values plotted again
anisotropy data. Similar proﬁles are observed when the change in secondary structure is m
color/symbol scheme for Fig. 2 is retained in (A) and (B). Filled symbols represent the u
(95? 5 C). Temperatures at which the switch in the unfolding or refolding transition
(calculations are illustrated in Fig. S8). They are highlighted by drop lines (solid lines fo
OmpX:W140 and rcorr plots for OmpX:W76, and the respective temperatures are indicate
merges with the unfolding arm in each protein. Note that during refolding, OmpX:W140
compared to OmpX:W76, suggesting that Trp140 attains a near-native environment soon
and recovery in total emission intensity (IT), as the barrel unfolds with temperature and
each protein, indicating different responses of the indoles to temperature.solvent quenchers, and lowers non-radiative ﬂuorescence losses.
This is possible if Trp140 is increasingly micelle-buried upon heat-
ing to 80 C.
Interestingly, we obtain a dramatic near-sigmoidal decrease in
anisotropy for OmpX:W76 beyond 80 C (Fig. 4B). Fluorescence
properties of both tryptophans change beyond 80 C, suggesting
that this temperature symbolizes nucleation of barrel unfolding.
Cooperative unfolding beyond 80 C explains the sudden anisot-
ropy decrease of Trp76, as it now becomes conformationally
mobile when the DPC micellar structure is lost and aromatic pack-
ing interactions are weakened. As more DPC is stripped and the
barrel unfolds, Trp140 also displays a reduced radiative decay.
We also addressed variations in the local Trp environment as
OmpX unfolds, by monitoring indole chemical shift changes of
OmpX:WT, using NMR. Superposition of HSQC spectra of all three
proteins indicates that Trp mutation does not dramatically
affect the overall b-barrel scaffold (Fig. 5). Subtle chemical shifttophan ﬂuorescence intensity (IN) with temperature, normalized to the starting 5 C
st change in temperature for OmpX and the Trp mutants. See Fig. S7 for uncorrected
onitored at 215 nm using far-UV circular dichroism spectrometry (not shown). The
nfolding transition (5? 95 C) and open symbols represent the refolding transition
was observed were derived as the intersection points of the two transition arms
r unfolding and dotted lines for refolding transitions) in IN plots for OmpX:WT and
d. Drop lines are also used to highlight the temperature at which the refolding arm
refolding transition merges with the unfolding arm at a much higher temperature
er than Trp76. (C) Representative ﬂuorescence emission scans highlighting the loss
refolds upon cooling, respectively. Note how the trough dimensions are different for
Fig. 5. NMR studies of OmpX. Overlay of the 1H–15N HSQC spectra of OmpX:WT (red), OmpX:W76 (green) and OmpX:W140 (blue). Relevant resonances that could be
unambiguously assigned are indicated (also see Fig. S10). Resonances that have been highlighted in the inset are boxed. Inset: Temperature dependent chemical shift
variation of Ala10 and Gln11 (A) and the indole amides (B) in OmpX:WT at 40 C (blue), 50 C (yellow), 60 C (orange) and 70 C (red). Note that the resonances shift
downﬁeld in (A), with increasing temperature. Indole chemical shifts were assigned from HSQC measurements of the single-Trp mutants (see Figs. S11–S12). Inset contours
are plotted to scale across the various temperatures. The resonance for W76 Ne1H in the 70 C spectrum could not be resolved over the background noise. See Fig. S13.
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within 4 Å of the mutated tryptophan (Fig. S12), and arise from the
shielding effects of the indole ring.
Remarkably, temperature-dependent variations in chemical
shift and resonance intensity (Fig. 5 inset) are less pronounced in
Trp140 (3.0 ppb/K), clearly indicating that this amide is not sol-
vent accessible even at 70 C. In contrast, Trp76 indole shows
near-complete disappearance beyond 60 C, and >6.25 ppb/K
upﬁeld shift. In line with our ﬂuorescence measurements, this data
demonstrates that Trp76 becomes conformationally labile upon
heating.
Further inspection of the HSQC spectra provides us with inter-
esting insight to the Trp140 vicinity. The spatially proximal
Ala10 and Gln11 resonances from strand 1 (Trp140 is positioned
in strand 8 of the 8-stranded b-barrel) are dramatically upﬁeld
shifted in OmpX:W140 (Fig. 5). Thermal denaturation measure-
ments reveal that the Ala10 and Gln11 show marginal downﬁeld
shift from 40? 70 C, while other backbone resonances exhibit
an upﬁeld shift with temperature (Figs. 5 inset and S13). The OmpX
crystal structure shows favorable face-to-edge interactions
between Trp140 and Tyr9, along with aromatic–amide interactions
between Tyr9-Ala10 and Trp140-Gln11 (Fig. S14). We conjecture
that Trp140 maintains strong local contacts with the protein back-
bone that are preserved even at high temperatures. The W140? F
mutation weakens such interactions, causing a downﬁeld shift of
Ala10 resonance in OmpX:W76 (Fig. 5).
Refolding of the heat-unfolded OmpX follows a different path-
way from the unfolding cycle, demonstrating hysteresis in the pro-
cess (Figs. 4 and S7–S9). Whereas unfolding is initiated at
comparable temperatures for the three proteins (OmpX:W140
(81 C); OmpX:WT (78 C); OmpX:W76 (72 C)), the tempera-
ture at which the anisotropy for the folding process coincides with
the unfolding arm is more pronounced, and follows the order:
OmpX:W140 (68 C) > OmpX:WT (63 C) > OmpX:W76
(49 C). Our data reveals that Trp140 contributes to the refolding
of thermally denatured OmpX, when compared to Trp76, due to its
ability to bind DPC micelles and retain micelle solvation (see
below). A cumulative response of the single-Trp mutants isobserved in OmpX:WT, suggesting an additive (and independent)
role of the tryptophans to the (un)folding events. However, as
these processes are rapid in micelles, multiple (un)folding nucle-
ation sites, not involving tryptophans, are anticipated.
Our GdnHCl-unfolding measurements in Section 3.1 suggest the
ability of Trp140 to remain micelle-solvated even at high denatur-
ant concentrations. Chemical (Fig. 2) and thermal (Fig. 4) denatur-
ation experiments indicate that the presence of Trp140 imparts
stability to the barrel and facilitates refolding, when compared to
Trp76. Further, we ﬁnd NMR evidence that Trp140 forms local con-
tacts with spatially proximal strand residues that are retained even
at higher temperatures. While the W140? F mutation does not
affect OmpX refolding and barrel formation (deduced from Figs. 5,
S6 and S12), formation of stabilizing inter-strand interactions by
Trp140 along with DPC solvation could together impart greater sta-
bility to the OmpX:W140 barrel. Such interactions are not mim-
icked effectively by Phe in OmpX:W76, resulting in cooperative
barrel unfolding (Fig. 2). We propose that the favorable interaction
network established by Trp140 (as against Phe140) could facilitate
barrel closure (conjoining strands 1 and 8) and stabilize folded
OmpX.
4. Conclusion
A detailed understanding of factors that contribute to the fold-
ing and stability of outer membrane proteins is important, as these
proteins form the ﬁrst line of defence for Gram-negative bacteria
[7], and can serve as lucrative drug targets. The observed variabil-
ity in the degree of solvent exposure of the two indoles [25–28],
can bear inﬂuence on OmpX stability. Our studies on the refolding
and subsequent stability of OmpX have revealed distinct contribu-
tions for the two Trp residues in b-barrel formation and interaction
of the folded barrel with its micellar environment, which stem
from differences in their positioning (interface versus micelle-sol-
vated) in OmpX.
We summarize our observations on local changes in the indole
environment during OmpX folding and unfolding, schematically in
Fig. 6. Our experiments reveal that the presence of Trp140 confers
Fig. 6. Proposed unfolding and refolding processes of OmpX deduced from tryptophan ﬂuorescence. In the refolded barrel form of OmpX (A), Trp140 (green spheres) occupies
a micelle-solvated environment that allows conformational dynamicity to the indole, but renders the side chain inaccessible to polar solvents. Trp76 (blue sphere), on the
other hand, is located at the solvent–micelle interface, and is therefore highly conformationally rigid. Upon unfolding, Trp76 shows a rapid red-shifted ﬂuorescence emission
and loses conformational rigidity. Trp140, on the other hand, remains micelle-solvated till the denaturant level (chemical or thermal) is sufﬁciently high (B and C). Evidence
for this is provided in our ﬂuorescence anisotropy and temperature-dependent HSQC measurements, wherein Trp76 responds dramatically to the external perturbant.
Fluorescence intensity of Trp140, on the other hand, increases with temperature, suggesting that it becomes increasingly micelle solvated. This could arise due to an increase
in the hydrodynamic radius of DPC micelles (depicted in B) or the lateral expansion of the OmpX barrel. When the protein unfolds (C) beyond 80 C, Trp76 rigidity is lost
(evident from the observed decrease in anisotropy), which is followed by slow stripping of DPC molecules from the Trp140 vicinity (loss in ﬂuorescence intensity). The fully
unfolded form of OmpX is achieved at 95 C or beyond 5.0 M GdnHCl (D). The refolding process of OmpX (D? C? B? A) proceeds by a similar mechanism, with Trp140
attaining micelle solvation as strand ordering is achieved with OmpX refolding. However, since these processes are highly rapid in micellar systems, several (un)folding
nucleation sites are likely. Strand ordering and barrel assembly are completed at very low denaturant concentrations, and the ﬁnal folded form of OmpX (A) is achieved with
Trp76 suitably placed at the solvent interface and Trp140 being embedded towards the micelle core.
4470 D. Chaturvedi, R. Mahalakshmi / FEBS Letters 588 (2014) 4464–4471additional stability to the barrel scaffold due to its localization
towards the hydrophobic core and detergent solvation. Our data
from OmpX:W140 supports a previous report that buried indoles
have a positive effect on transmembrane barrel stability [32], sug-
gesting that Trp140 could contribute to securing the barrel to the
bacterial membrane.
In OmpX, Trp76, unlike Trp140, maintains an interfacial resi-
dence and exhibits conformational rigidity in the refolded barrel.
Based on ﬂuorescence and NMR data, we ﬁnd that conformational
rigidity of Trp76 is more profound upon barrel unfolding, whereas
changes in Trp140 are gradual. We also observe that the kinetic
contributions of the microscopic intermediates formed during the
two-state unfolding pathway exhibited by OmpX to both thermal
and chemical denaturation are inﬂuenced by the presence of either
indole. Trp? Phe substitution affects OmpX stability, indicating
the speciﬁc requirement of tryptophan (and not any aryl ring) at
that position. Our results are largely DPR-independent, suggesting
that we may be monitoring unique properties of OmpX in phos-
phocholine micelles.
Our ﬁndings have implications in the process of unassisted
strand insertion of OmpX in vivo, which is believed to be driven
solely by thermodynamic factors, in the bacterial intermembrane
space [30,40]. We propose that Trp76 could act as a rigid stop-
transfer signal as the barrel inserts in the lipid bilayer. Trp140
establishes strong protein–lipid interactions and facilitates barrel
closure. The two indoles could therefore contribute differently to
barrel formation and membrane anchoring in vivo.
Interactions established by individual residues, including try-
ptophans, and comprising both intra-protein and protein–lipid
associations could play an important role in OmpX function in bac-
tericidal resistance. This may also give rise to the prolonged life
[30,42] and long turnover times seen for OMPs in the bacterial
membrane. We are presently interested in examining whether
our observations with DPC are translated to bilayer systems.
In conclusion, the interplay of the two uniquely placed juxta-
membrane tryptophans modulates the stability of the folded
OmpX barrel. Tryptophans also serve as natural probes that can
be intelligently exploited in well-designed biophysical experi-
ments to derive signiﬁcantly detailed information on membrane
protein folding, unfolding and stability.Acknowledgements
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